Introduction
Intussusception is a condition wherein a section of intestine slides into a distal segment of the intestine (often referred to as "telescoping"), creating an obstruction. It is one of the leading causes of acute intestinal obstruction in infants and young children, with higher incidence in males.
1,2 A recent literature review reported the mean incidence across studies of intussusception among children <1 year was 74 per 100,000 infant years, with wide variability across countries and regions. For example, incidence was about 30 per 100,000 in North American studies and exceeded 100 per 100,000 in studies from a number of other countries (e.g., Australia, Hong Kong, Japan, and Israel). 3 Accurate estimates of intussusception incidence are not available for many countries, and in the vast majority of childhood cases no clear cause is identified. 1, 2 In 1999, the world's first vaccine to protect against rotavirus infection, RotaShield Ò , was withdrawn from the market in the United States (US) less than one year after its introduction due to an identified association suggesting a 20-to 30-fold increase in relative risk of intussusception for infants who received RotaShield Ò and attributable risk of between 10 and 20 excess cases per 100,000 vaccinated infants. 4 Associations between intussusception and newer rotavirus vaccines were also reported, namely for Rotarix TM in Mexico, 5, 6 Brazil, 5 Australia, 7, 8 and the US, 9 and RotaTeq Ò in the US 10, 11 and Australia. 7, 8 However, the estimates of increased risk were much lower than those reported for RotaShield Ò , with relative risks of <10 and attributable risks in the range of 1 to 5 additional intussusception cases per 100,000 infants vaccinated. It is not clear whether the increased risk reflects an absolute increase in intussusception in infancy or earlier occurrence among infants in whom it would have occurred later in infancy in the absence of immunization. 8 To our knowledge, no studies assessing risk of intussusception after rotavirus immunization using data from Canada have been published to date.
While the World Health Organization's Global Advisory Committee on Vaccine Safety has concluded that, based on the available data, both RotaTeq Ò and Rotarix TM exhibit acceptable safety profiles where a small but significant increased risk of intussusception is outweighed by the benefit of the vaccine, they recommend that post-licensure safety surveillance be undertaken in any country introducing the vaccine. 12, 13 Canada's National Advisory Committee on Immunization (NACI) has also highlighted the importance of safety surveillance post-implementation.
14 The 2 rotavirus vaccines available in Canada, RotaTeq Ò and Rotarix TM , were licensed in 2006 and 2008 respectively. Passive vaccine safety surveillance is conducted by local and provincial/territorial public health agencies in Canada, who then report nationally to the Canadian Adverse Events Following Immunization Surveillance System (CAEFISS), enabling national surveillance of intussusception following rotavirus vaccines. Active surveillance of pediatric intussusception cases is conducted through the Immunization Monitoring Program-Active (IMPACT). These data are also included in CAEFISS reports. 15 The objective of our study was to apply a case-finding algorithm developed and validated in Ontario, Canada 16 to national health administrative data (with the exception of Quebec, which does not submit data to CIHI DAD) to determine the incidence of intussusception among infants less than one year of age, both before and after introduction of rotavirus immunization programs. This would allow us to establish an estimate of the background rate of intussusception.
These estimates are important for 2 reasons. Firstly, the descriptive epidemiology of intussusception across Canada establishes a benchmark for background risk of intussusception over time including the time period prior to the introduction of publicly funded rotavirus vaccine programs in Canadian jurisdictions. A good understanding of the background intussusception incidence is important for effective vaccine safety surveillance in order to identify potential safety signals. Secondly, this analysis allows for an examination of whether there was a change in the epidemiology following the introduction of the immunization programs.
Results
Annual incidence of intussusception ranged from about 20 per 100,000 infants in 2003 to 30 per 100,000 infants in 2010, adjusting for age group in months, sex and region. There was no evidence of a clear trend over the study period (p D 0.296) (Fig. 1) The overall annual rates of intussusception admissions in infants were very similar across all the major regions, ranging from 21 per 100,000 in Region 5:(BCCSKCYK) to 23 per 100,000 in Region 6:(Ontario). The intussusception rate was markedly higher for NL (61 per 100,000), and slightly lower for PEI (18 per 100,000), but both these provinces had extremely wide confidence intervals due to small sample size (Fig. 2) .
The adjusted annual incidence of intussusception admissions among infants varied strongly by age group in months (p < 0.0001), with the highest incidence occurring between 4 and 8 months of age, and the lowest incidence in infants under 2 months and between 10-12 months (Fig. 3) . Incidence was higher in males compared to females both overall and in each age category. Sex-specific intussusception admission rates among infants adjusted for age group, calendar year and region were 18.7 (95% CI 16.5-21.3) for females and 30.6 (95% CI 27.5-33.9) for males per 100,000 infants for a relative incidence for females vs. males of 0.61 (95% CI 0.53-0.71, p < 0.0001).
Annual intussusception rates among infants before and after program introduction adjusted for age group, sex and calendar year were 23.4 per 100,000 infants (95% CI 21.5-25.4) before program introduction and 22.4 per 100,000 infants (95% CI Figure 1 . Overall annual intussusception admission rates in Canadian infants by year and 95% confidence limits adjusted for age group, sex and region 2003-2013.
18.3-27.4) after program introduction for a relative incidence of intussusception after vs. before program introduction of 0.96 (95% CI 0.78, 1.18, p D 0.69). Therefore, there was no evidence to suggest any change in the adjusted intussusception rates after rotavirus vaccine program introduction. Sensitivity analyses limiting the age of intussusception incidence to infants 2 to 8 months, and then further limiting it to infants 2 to 6 months and 2 to 4 months did not change the conclusions of the comparisons by year or comparing pre-and post-program introduction (Appendix Table A1 ).
Discussion
In this study, we reported a reasonably stable and consistent incidence of intussusception admissions across Canada between 2003 and 2013. Pooled annual intussusception admission rates in infants fluctuated between 20 and 30 cases per 100,000 infants between 2003 and 2013, with no evidence of an increasing or decreasing trend over time, and no evidence of a change in intussusception incidence after the introduction of universal rotavirus immunization programs. Rates of intussusception in infants across regions for all years combined were also similar, varying between 21 and 23 cases per 100,000 person-years, with the exception of NL, where much higher rates were observed. The higher rate in NL could be due to chance in this small provincial sample, differences in coding and reporting practices in NL, or genuinely higher incidence. Regional variation has been observed in other countries. 17 Further study including primary data collection would be necessary to verify and confirm the reasons for these higher rates. We also showed that the highest incidence in the first year of life occurs between 4 and 8 months of age, which is consistent with the findings in other studies. 1, 6, 10, [18] [19] [20] Our estimates for intussusception incidence in Ontario agreed with those reported in our previous validation study in Ontario, 16 and we observed similar rates across most other Canadian jurisdictions. The Canadian rates we observed were also similar to those reported in the US, 21, 22 but were much lower than those reported in Asian [23] [24] [25] [26] and Western European countries, 1, 19, 27, 28 as well as Australia. 18 These differences might be explained though a combination of practice and healthcare utilization patterns, ethnic differences, or differences in techniques of case ascertainment and disease identification algorithm properties.
Although we had relatively limited follow-up time available for analysis after implementation of rotavirus immunization programs, we found no evidence of an increase in admission rates for infant intussusception across Canadian jurisdictions. This remained true after limiting the age of intussusception cases to smaller age cohorts in infancy which corresponds to the time when infants would receive the series, as well as the first dose (i.e., 2 to 8, 2 to 6 months and 2 to 4 months), in which we would expect to see a safety signal associated with the vaccine, if it were to exist, since this coincides with the time period in which the vaccine would be given. Our findings are reassuring given that other studies have reported slight, but statistically significant increases in intussusception following program implementation. [5] [6] [7] [8] 10 Although Canada does not have a national immunization registry and we were not able to report on vaccine coverage in those jurisdictions with rotavirus immunization programs, Wilson and co-authors estimated that in the province of Ontario, coverage during the first year of the program was approximately 87%. 29 There have been 9 cases of intussusception reported to CAE-FISS as adverse events following rotavirus immunization by provinces included in our study after the implementation of their rotavirus immunization programs and until December 2013 (personal communication, Dr Robert Pless, Public Health Agency of Canada, Dec 16, 2015) . Cases in this passive surveillance system were required to be reported within 42 d of administration of rotavirus vaccine, though reporting of events was voluntary for health care providers, and then only if they were aware that the adverse event occurred. The total birth cohort in the 3 jurisdictions reporting cases over this time period was 527,155 infants. 29 If we use the range of background rates we identified (i.e., between 19.9 and 29.6 per 100,000 infants per year), and consider that cases are only reported within a 42-day rather than 365-day period, we would expect within this birth cohort between 12 and 18 cases of intussusception reported based on the background rates. Although the number of cases would be lower as we do not have 100% vaccine coverage, these numbers suggest that no vaccine safety signal has been identified through the Canadian passive vaccine safety surveillance system.
A strength of our study was that we used a validated algorithm to identify cases of intussusception. Our study was also population-based, using the CIHI DAD which has virtually complete coverage for admissions to acute care facilities (>99.9%) in the years studied. 30 A limitation of our study was that the ICD-10 code-based algorithm we used to identify infant intussusception cases was limited to identifying infants who were hospitalized. There is some evidence to suggest that relying on hospitalization data will underestimate intussusception incidence if cases are managed in the emergency room or short stay units. 31, 32 In one study occurring in 12 pediatric tertiary care centers in Canada in 2008/09, 25.2% of intussusception cases were managed in a short stay unit or the emergency department. The number of cases managed in this way likely varied across hospitals due to differences in hospital and physician practices. 31 The algorithm that we developed in our previous work included only CIHI DAD admissions data, and was validated with chart review conducted at a large pediatric hospital in Ottawa as the reference standard. Algorithms using emergency room and outpatient data (from the National Ambulatory Care Reporting System) were also evaluated but were found to have worse performance characteristics compared to the CIHI DAD algorithm. 16 We acknowledge that the validation study was based on data from one pediatric hospital in one province, and may not be representative of practices elsewhere. Although the ICD-10 code-based algorithm we employed was validated in an Ontario population, it is possible that its performance characteristics differ in different Canadian jurisdictions due to practice patterns, data abstraction practices, data quality and other causes. However, we are reassured by the consistency in incidence estimates across provinces (except NL). Finally, we did not have access to individual-level immunization data, so were not able to assess if any of the infants hospitalized with intussusception were vaccinated, or if vaccinated, when in relation to immunization the intussusception occurred. However, we would have been able to discern an overall increase in intussusception hospitalization in the postprogram period, if this had occurred.
In conclusion, we report the incidence of intussusception before and after implementation of rotavirus vaccine programs in a number of Canadian jurisdictions. In the limited postimplementation data available to date, there was no evidence of an increase incidence following implementation of universal rotavirus immunization programs. All though our study was not powered to find modest increases in risk, it was well powered to detect larger effects that would be clinically important in the context of the established benefits of rotavirus immunization. Ongoing surveillance will continue to provide more post-implementation follow-up time however this preliminary assessment provides some assurance that a safety signal is not present. Our estimates of background incidence rates of intussusception across most Canadian provinces and territories, including those with and without publicly funded immunization programs, will help inform public health decision making about the risk/benefit analysis of rotavirus in Canada and will help ensure continued confidence in the vaccine.
Methods

Study design
We conducted a retrospective cohort study using Canadian population-based health administrative data covering the period from January 1, 2002 to December 31, 2013. This study was approved by both the Ottawa Health Science Network Research Ethics Board, and Public Health Ontario's Ethics Review Board.
Study population
We included all infants admitted to a Canadian hospital with a diagnosis of intussusception between January 1st, 2002 and December 31, 2013. We have defined infants as persons under one year of age. We identified hospital admissions using the Canadian Institute for Health Information (CIHI) Discharge Abstract Database (DAD). The investigators had access to the entire database available in the CIHI DAD, which was derived from the full source population of patients admitted to Canadian hospitals. Hospitals are mandated to report all admissions to CIHI, and hence coverage approaches 100%. 30 The province of Quebec was excluded from this analysis as Quebec does not contribute data to the CIHI DAD.
We identified intussusception cases using our validated casefinding algorithm. 16 This algorithm was developed by determining the accuracy of combinations of diagnostic, procedural, and billing codes for the identification of intussusception, in comparison to reference standard cases identified through a chart review of patients from the Children's Hospital of Eastern Ontario. Through a systematic process of trial and error, the algorithm that maximized positive predictive value while maintaining a high sensitivity was selected. The final case-finding algorithm included any occurrence of International Classification of Diseases (ICD)-9 code 560 or ICD-10 code K56.1 listed on the DAD discharge abstract. 16 This method was validated in Ottawa, Ontario and found to have good sensitivity (89.3%), specificity (>99.9%), positive predictive value (PPV; 72.4%), and negative predictive value (NPV; >99.9%).
16 Canada implemented ICD-10 during 2002 and 2003, so in those years, both coding systems were used in Canadian hospitals. After 2003, ICD-10 coding was used exclusively.
We counted only the first occurrence of intussusception under 1 y of age for each child to capture only incident cases. Of note, the validation study documented increased PPV of the algorithm to 77.1% for children under 1 y of age, and 79.8% when cases were identified after 2002 with the ICD-10 code. 16 We obtained population size for infants under the age of one year, stratified by jurisdiction (province/territory) and age in months from Canadian census data collected by Statistics Canada. The 2001, 2006 and 2011 Canadian censuses were used, and inter-censal population size estimates were imputed using linear interpolation/extrapolation.
Provinces and territories, and immunization program implementation
Canadian Provinces and Territories vary tremendously in population size from 13.5 million people in Ontario to 145,000 people in Prince Edward Island (PEI) in 2013. 31 Publicly funded immunization programs are implemented at the provincial/territorial level. Although as of February 3 2016, 10 Canadian jurisdictions had implemented rotavirus immunization programs, only those with programs implemented before the end of the study period were defined as having a vaccine program (Table 1 ). All jurisdictions use Rotarix TM vaccine. Three jurisdictions (New Brunswick, Nova Scotia, and Nunavut) did not have publicly funded programs as of February 2016. Four jurisdictions (Alberta, Manitoba, Northwest Territories, and Newfoundland and Labrador) implemented programs, but post-implementation follow-up time was not available during our study period for 3 and was only available for 3 months of the study period for one. Therefore, for the purposes of this analysis, all 7 were defined as not having a rotavirus program. Five jurisdictions (British Columbia, Saskatchewan, Ontario, PEI and the Yukon) had rotavirus immunization programs that began between 2010 and 2012, allowing for post-implementation follow-up time to be observed and as such were defined as having a program in our analysis.
Statistical analysis
We calculated annual crude incidence rates of intussusception per 100,000 infants (under one year of age) overall and according to region, calendar year, age group (in months) and sex subgroups. We calculated rates using all jurisdictions in the years before any rotavirus immunization programs were Program within study period Ã Although NS does not have a publicly funded RV program, the Halifax metro area (which accounts for half the population of NS) did have a universal rotavirus program for approximately 2 y during the study period, although the vaccine coverage achieved was low, never exceeding 40%. 32 Due to observed heterogeneity, NL was reported separately in the results. In addition, PEI was not included in a pooled region since it had a rotavirus program with available followup, whereas the other Eastern provinces either had no program or insufficient post-implementation follow-up to evaluate.
We used Poisson regression to model trends in intussusception admission rates with model terms for subgroups of interest. The dependent variable was the number of events in each stratum, and the offset parameter was the total number of infants in each stratum. Annual incidence of intussusception admission was calculated overall, by subgroup (defined above) and according to implementation of rotavirus vaccine programs. Overall models included terms adjusting for age group (in months), sex, calendar year and region. Intussusception admission rates reported in subgroups of interest are adjusted for the other factors listed above.
To compare intussusception admission rates in periods before and after rotavirus program introduction, we defined pre-and post-periods specifically for each province and territory based on the date of program initiation (Table 1) , and then pooled the data from all pre-periods and all post-periods across the jurisdictions. We classified the entire observation time for jurisdictions having no rotavirus program as "preperiod" for the pre-versus post-analysis.
Since Rotarix TM is recommended at 2 and 4 months of age, with completion of the second dose by 8 months of age, and the latency period between immunization and intussusception onset is not thought to be long, 4, 11 we conducted sensitivity analyses in order to focus on the most relevant time periods after immunization. We modeled rates of intussusception in infants aged 2 to 8 months, 2 to 6 months, and 2 to 4 months. We then repeated our analysis comparing time periods before and after rotavirus program introduction and comparing rates of intussusception across years to look for trends.
What's known on this subject
Intussusception has been identified as a rare adverse event associated with a previous rotavirus vaccine, which was discontinued. Newer vaccines are also associated with a smaller increased risk. Intussusception surveillance is a necessary component of any population rotavirus immunization program.
What this study adds
We established the background rate of intussusception in Canadian provinces and territories to inform ongoing surveillance, and demonstrated that there has been no increase in incidence of intussusception following introduction of population rotavirus immunization programs in several Canadian provinces to date. 
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